Thin metal films are widely used in modem electro mechanical systems . The need for more integrated functionality and minimization of material and energy consumption leads to miniaturization of these systems. As a consequence, materials are processed on the micro-and nanometer scale. On this scale, material properties become a function of size. To predict performance and reliability, knowledge on the size dependence of material properties is imperative. In this work the unknown size dependence of the copper Young's modulus is determined by electrostatic pull-in experiments performed on bilayer copper-silicon nanocantilevers. The size effect is also predicted with a multi-scale (MS) method. In this method atomistic simulations predict the bulk elastic and surface properties of mono-crystalline silicon (Si) and polycrystalline copper (Cu). These results are combined to represent the bilayer nanocantilevers of the experiment in a continuum model. The model is verified by comparison with a well documented size effect of the effective Si Young's modulus. It is shown that the experimental method can be used for determining the Young's modulus of thin Cu films in the 10 to 50 nm range . Both the experimental results and the MS simulation results show that there is a strong size effect present in Si and Cu.
I. Introduction
Miniaturization driven by integrated functionality and minimization of material and energy consumption is reaching typical feature sizes of the nanometer scale. Devices that include nano sized thin metal films are for example : flexible nano batteries [I] , flexible metal based solar cells [2] , backend interconnects [3] and a variety of NEMS & MEMS [4] When reaching the nanometer scale, several experiments [5] [6] [7] [8] [9] [10] and theoretical models [7, [11] [12] [13] [14] have shown and predicted that mechanical and material properties such as Young's modulus and yield stress are a noticeable function of size. This is also known as the size effect. Characterizing this size effect is not only an experimental and computational challenge, it is also important for a quantitative prediction of performance and reliability of small devices. This paper presents an experimental-numerical method to identify and explain the size effect in Young's modulus of (poly) crystalline materials.
In section 2 electrostatic pull-in experiments [8] are performed on bilayer Si/Cu nano cantilevers, to measure the voltage V PI where pull-in instability occurs . In section 3 white light interferometry is used to capture the cantilever geometry after Cu deposition in an electromechanical (EM) coupled finite element (FE) model. The thin film Cu Young's modulus E cu is extracted from the measured V PI with the use of the EM coupled FE model in section 4. In section 5&6 atom istic simulations are used to predict surface properties from vacuum slabs and the bulk elasticity tensor from super cells for both crystalline Si and polycrystalline Cu with the embedded atom method (EAM). In section 7 a MS analysis is presented that incorporates surface effects in the bending stiffuess of a cantilever [11] . From this bending stiffness, a size dependent effective Young's modulus of Si and Cu is extracted. Finally, the predicted size dependent Young's moduli of Si and Cu are compared to experimental results in section 8 for validation.
Electrostatic pull-in experiments
In order to determine the Young's modulus of thin Cu film in the nanometer range we use contactless bending of bilayer nanocantilevers, where the electrostatic attraction bends the cantilever, see Figure 2 . The out of plane deformation along the length of the cantilever is extrapolated to an elasticity model. Figure 6 shows several OOP profiles of three cantilevers of different lengths before and after Cu deposition.
[15] for details. The top layer is 340 nm thick boron doped Si on a 1.019 11m buried oxide layer on a Si substrate. The effect of doping on the elastic properties of Si is well documented in [16] . The contribution of the impurities to the elastic constants appears to be small and is therefore ignored [16] . The top layer was patterned using lithography and plasma etching. The buried oxide layer was sacrificially etched in hydrofluoric acid to make the cantilevers free standing. Afterwards Cu films with thicknesses ten of: 10 and 50 nm were deposited using physical vapor deposition (PVD). The thickness of the film is measured during deposition using a resonant piezo crystal and afterwards confirmed with an optical profiler. The pure Si cantilevers vary from 10 up to 80 11m in length L, the width b varies from: 8 up to 25 11m and the thickness lSi = 340 nm. The width of the neck of the padded cantilevers is 8 11m and the pad is 16 11m, see Figure 5 .
White light optical profile scans
White light optical profile (WLP) scans with the Wyko NT3300 are performed to capture the cantilever geometry before and after Cu deposition. The measured geometry is used in the FE model of the cantilever of section 4 to improve the accuracy and model prediction of Vn- Figure 5a shows the surface profile scan of a cantilever, the color indicates the out of plane (OOP) distance. Figure 5b shows the same type of cantilever under the optical microscope. Vn and this property is used in section 4 in an EM coupled FE model to extract the Young's modulus.
The pure silicon samples are fabricated on bonded (100) silicon on insulator (SOl) wafers with smart cut, see
The electrostatic attraction is a strong nonlinear function of the applied voltage V and the gap between cantilever and substrate. By slowly increasing the voltage, the system shifts from a stable to an unstable equilibrium. The voltage that corresponds with the unstable equilibrium is called the pull-in voltage Vn-When the applied voltage V reaches the pull in voltage Vn, a small disturbance will make the cantilever snap down towards the substrate. The pull-in or collapse of the cantilever can be observed under an optical microscope as shown in Figure 3 . Pull-in can also be detected by measuring the current with the parameter analyzer as indicated in Figure 2 . A measurement example is shown in Figure 4 , here at 6.85 Volt a small disturbance in the current voltage curve is seen. At this point short circuit between the cantilever and substrate occurs. If the voltage is increased slowly, short circuit almost immediately occurs after Vn is reached.
CantileverMesh based on measured profile The mesh of the bilayer system, with a constant Si cantilever thickness and a varying Cu film thickness is shown in Figure 8 . 
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;:: Figure 9 shows the Vp/ versus cantilever length of the numerical and analytical model. The results are compared to experimental results taken from [8] . 
apacitor theory and modified in order to account for the cantilever deflection v(x) is given by: The results in Figure 9 are only for straight Si cantilevers. Equation (2) where e is the permittivity of air, b is the cantilever width , V is the applied voltage and go is the initial gap between cantilever and substrate. Instability occurs for the numerical model with the distributed load q(x) once V reaches Vp/. The analytical model is derived in [17] and is given by equation: The electrostatic attraction q(x) of the cantilever towards the substrate, as derived from the parallel plate consists of -736 data points and is least square fitted to a quadratic polynomial. (Remark: axis are unequal) The profile scans in Figure 6 show that the cantilevers are more curved upwards after Cu deposition and the curvature seems independent of length . The least square (LSQ) fit of the quadratic polynomial is subtracted from the measured profile to show the residual (variation in Cu film thickness which will be used in the FE mesh of the Cu film) . This assumption can be made because the roughness of the pure Si cantilever samples is below 0.1 nm, measured with atomic force microscopy (AFM) in [IS] .
Electrostatic pull-in model
The electrostatic pull-in experiment ofnanocantilevers is simulated using an EM coupled FE model. This model accounts for strong nonlinear coupling between the mechanical and electrical fields . The model predicts the pull-in voltage Vn-By adjusting the unknown Young's modulus of the thin Cu film, the pull-in voltage of the model and experiment are matched. For the simulation of pull-in of the bilayer cantilever system we assume plane strain elasticity, we use quad8 elements, large deformation and a combined incremental iterative Newton-Raphson (NR) scheme with logarithmically spaced voltage increments and a tolerance of le-6. Small voltage increments near Vn are needed because the NRscheme only converges for stable equilibrium points . For a schematic illustration of the model see Figure 7 . By adjusting the Young's modulus of the FE model, the VPI prediction of the model is matched to the measurement. Tables 1-3 show the Si and Cu Young's moduli derived from the measured pull-in voltage Vn for different cantilever configurations. variations are present in the resulting Cu Young's moduli, it can be concluded that the results tend to the bulk modulus of 120 GPa with increasing thickness.
Atomistic simulation
In this work atomistic simulation is used to predict the bulk elasticity tensor, surface elasticity tensor, surface energy and surface stress of crystalline silicon and polycrystalline copper using the Sutton and Chen EAM [18] for Cu and the Tersoff bond-order potential [19] for Si. These results are used to derive the size dependent Young's modulus in the multi-scale approach in section 7. The EAM is a potential energy function specifically developed for metals [20] [21] [22] . The EAM and bond-order potential are appropriate for metallic materials because they give an accurate description of the bond strength by satisfying the following necessary conditions: • Many-body interaction. The atomic interaction goes beyond the nearest neighboring atom [23, 24] .
• The Cauchy condition C I2 = C 44 is not obeyed due to the many-body interaction [25, 26] .
• The atom force field is influenced by the coordination number and therefore shows improved behavior at surfaces [20] . A supercell is constructed that contains a finite number of repeated unit cells, as shown in Figure 11a . Each unit cell represents the crystal structure of the material, which is face centered cubic for Cu and diamond cubic for Si. The supercell has periodic boundary conditions and is therefore repeated infinitely in all three Cartesian directions and thus simulates bulk material. Vacuum slabs simulate a surface, see Figure 11b . Calculations of the surface energy, surface stress and surface elasticity are performed on vacuum slabs. For surface calculations the bottom surface atoms are not allowed to interfere with the top surface (which can be the case due to the periodic boundary conditions and attraction of atoms over a long distance). Interference between two atoms will not occur if the distance between atoms exceeds the cut of distance. Table 1 shows that the variation in Si Young's modulus for different cantilever lengts is very small «3%). This means that the Young's modulus can be predicted very accurately. Table 2 shows a large variation of derived Young's moduli for different cantilever lengths (48%). ay Tij =-a+y.5;j (4) cij where~ij is the kronecker delta. Differentiation of equation (4) with respect to the strain gives the surface elasticity:
Voight notation and crystal symmetries are used so only the 8 11 , 8 12 and 8 44 components have to be calculated. Surface energies are calculated after applying several independent small strains patterns to the surface vacuum slab and super cell. Afterwards we fit a quadratic function to the calculated surface energy and applied strain, this allows us to take the derivatives needed for equation (5) and gives the surface elasticity [35, 38] . The surface energy of copper is calculated for three surface orientations with the Sutton and Chen EAM [18] and is compared in Table 6 with literature data. Multiple surfaces orientations are calculated because copper is polycrystalline. The calculations are all performed on relaxed super cells and vacuum slabs. After relaxation only a small uniaxial strain is used on the cells and slabs.
surface area of the vacuum slab after geometry optimization. U bu1 k is scaled upwards with the atom ratio asurface / abulk so that the number of atoms in the surface slab and bulk super cell are equal. Table 5 shows that the simultation results of this work for C11 are in good agreement with the literature results that were obtained from experiments. The C 12 and shear modulus C 44 show a slightly larger deviation, where they respectively overestimate and under estimate the average literature value.
Surface effects
In literature [11, 14, 34, 35] it is suggested that surface effects (like: surface elasticity and stress) are the driving forces of size dependent elastic material properties. The surface effects are noticeable on the nanometer scale due to the high surface to volume ratio of small structures. The Young's modulus that includes the size dependence of stiffness caused by surface effects is refered to as the effective Young's modulus.
The main surface effects are surface elasticity, surface stress and surface energy. These surface properties are all related to each other by equations (3) (4) (5) . Surface stress is the reversible amount of work needed to elastically stretch an existing unit surface. Surface energy is the reversible amount of work per unit area needed to create a new surface. Surface energy is always positive [36] and derived in [37, 38] :
2· Asuiface where U bu1 k is the total bulk lattice energy, Usurface is the total lattice energy of the surface slab and Asurface is the Table 6 shows that the surface energy is within range of literature values and is following the same trend regarding surface orientation. The surface energy of silicon is calculated with the Tersoffpotential [19] see Table 7 . Table 7 shows a reasonable accurate prediction of the lxl Si (100) and (110) surface stress when compared to literature. However, no 2xl surface reconstruction of the (100) surface was observed in our simulations with the Tersoff potential, further investigation is still needed. The calculated surface stresses for Cu are shown in Table 8 and compared to literature results. Positive surface stress indicates the surface is under tension so that the material wants to contract parallel to the surface. Negative means it wants to expand. Table 8 shows that the literature results are over estimated with 50% by our simulation results for the (111) surfaces. The largest uncertainty is in the choice of different EAM potentials [42] , which were all fitted to the same material properties but resulted in significant differences in the calculation of surface stress and elasticity. Table 9 shows the surface stress of Si.
the bending stiffness of a cantilever. From this model an effective Young's modulus E eff is extracted that increases or decreases as function of cantilever thickness. Consider a beam segment in pure bending subjected to positive bending moments M, the strain in longitudinal direction can be expressed as: £ =_1::. (6) xx p where p is the resulting curvature and y the distance from the centerline of the cross section [43] . The bending moment M can be expressed as a function of the stress tI xx inside the cantilever:
M =J a.; .r dA (7) A Hooke's law is assumed to give the relation between uniaxial stress and strain for the cantilever: The results in Table 9 are debatable, more research is needed into the accuracy of the potential energy functions in predicting surface properties. Care must be taken to use calculated properties since atomistic simulations with potential energy functions only provide a qualitative estimation [38] . The calculation of surface elasticity is still work in progress. Some literature results for Si are shown in Table 10 and for Cu in Table 11 . (11) (15) (14) (13) (12) where Q is the contour length of the cross section. Substitution of equations (8, 9) into (10) leads to:
The first integral is solved for a rectangular cross sections and results in the moment of inertia:
A new 'perimeter' moment of inertia K is proposed in [35] for surfaces, which is an analogue for the moment of inertia for bulk. It is defined as the path integral around the cross section:
For rectangular cross sections this results in:
The fmal step is substitution of equations (12, 14) into (11) , this leads to:
M= -l(E.I+S.K) P
The effective elastic Young's modulus which includes the surface elasticity becomes:
xx xx p where E is the Young's modulus. The surface stress 1 xx is introduced during bending and acts as a force per unit length on the edges of the cross section [35] and is given by a similar constitutive equation:
xx xx p were S is the surface elasticity that was derived in equation (5) . The expression for surface stress can be included in the moment balance see [35] , this yields:
A Q [40] [38]
[38] • The Young's modulus increases for reduced film thickness, from 50 nm and 102.5±18% GPa to 10 nm and 847.5±48% GPa.
• The results of the 10 nm thick film show a substantial ±48% variation in Young's modulus as well as some of the cantilevers with the 50 nm thick film ± 18%. A possible cause for this variation is inconsistent film thickness, dirt, holes and other defects that were not accounted for.
• The pure 57 nm thick silicon cantilevers measured a Young's modulus of 103.4±2.7% GPa which closely matches the result 100±10.8% GPa from [8] . This also confirms a size dependent Si Young's modulus. Atomistic simulation was used to numerically predict the size dependent material properties of silicon and copper using surface elasticity. Experimental results were used in order to validate the accuracy of a multi-scale approach. It is concluded that:
• The predicted silicon and copper Young's moduli are both size dependent and follow the same trends as the experimental results, see Figure 12 .
• The decrease or increase in effective Young's modulus of the multi-scale model, for reduced cantilever thickness, can be explained by respectively the negative or positive surface elasticity that was incorporated into the model. • The surface elasticity is not enough to account for the size dependent Young's modulus. However the accuracy of the surface elasticity calculations is debatable since the literature data shows a reasonable variation. It is suggested that more research is needed into the accuracy of the potential energy functions to predict surface properties.
• (16) (b) (16) over the thickness t of the Si and bilayer cantilevers and the results are shown and discussed in section 8 in Figure 12 together with the experimental results.
Experimental versus modeling results
The experimental and atomistic simulation results of the Young's modulus of crystalline Si (110) and polycrystalline Cu are shown in Figure 12 . Figure 12a shows that both the simulation and the experimental results follow the same trend for the Si Young's modulus and that it significantly decreases with decreasing thickness. The experiment shows that the size effect for the Silicon effective Young's modulus is noticeable up to approximately 200 nm while the model predicts it to be around 50nm. Figure 12b shows the Young's modulus as function of thickness of both the simulation and experiment for polycrystalline Cu. For Cu the Young's modulus significantly increases with reduced thickness. This size dependent behavior becomes noticeable approximately below respectively 5 nm and 20 nm in the simulations and experiments. A possible explanation for the discrepancy between experiment and simulation is that surface elasticity alone is not completely responsible for the size dependent elastic properties. Other size effects need to be investigated such as a surface stress difference between top and bottom surface of the cantilever.
Conclusions
Pull-in voltage and profile measurements were performed on bilayer silicon copper nano-cantilevers. The experiment shows that it is possible to determine the Young's modulus of thin copper films, from the pull-in voltage, in the 10 -50 nm range. It is concluded that:
• There is a strong size effect present in the Young's modulus of a polycrystalline copper film.
